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SUMMARY 

An investigation was conducted in the NACA Lewis icing  research 
tunnel t o  determine the  characteristics and requirements of cyclic de- 

' icing of a 65,24216 a i r f o i l  by use of an external  electric  heater. The 
present  investigation was limited t o  an  airspeed of 175 miles per hour. 
Data axe presented t o  show the effects of variations i n  heat-on and 
heat-off periods, mibient air m e r a t w e ,  liquid-water  content,  angle 
of attack, and heating d is t r ibu t ion  on the requirements f o r  cyclic de- 
icing. The external heat flaw a t  various icing and heat-  conditions 
i s  also presented. 

A continuously  heated  parting strip a t   t he  airfoil leading edge was 
found necessmy $or quick,  camplete, and consistent  ice removal. The 
cyclic power requirements were found t o  be primarily a Function of the 
datum temperature  and  heat-on time, with  the other operating and meteor- 
ological.variables having a  second-order effect .  Short heat-on periods 
and high power densit ies  resulted  in  the most eff ic ient   ice  removal, the 

. minimum energy input, and the minirmun runback ice  formations. The opti- 
mum chordwise heating  distribution  pattern was found t o  consist of a 
uniform distribution of cycled power aensitg  in  the impingement region. 
Downstream of the Impingement region the power density  decreased t o  the 
limits of heating which, for the  conditions  invee-tigated,  extended from 
5.7 percent  chord on the upper Surface of t h e   a i r f o i l   t o  8.9 percent 
chord on the lower surface. Ice removal did not take  place a t  a  heater 
surface  temperature of 3Z0 F; surface  tempratures of approximately 50° 
t o  100° F w e r e  required t o  effect  removal. Better  de-icing performance 
and greater energy savings would be possible  with  a  heater having a 
higher thermal efficiency. 

. The protection of aircraft   in  icing  conditions can be achieved by 
continuously  heating  the c r i t i ca l  components of the  a i rcraf t   suff i -  

m ciently t o  prevent  the  formation of ice.  Past W C A  research  has 
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established  the  feasibility  and  the  design  basis  for  this  system of 
anti-icing  (references 1 to 3). A n  alternate  thermal  method of protec- 
tion of  aircraft  in  icing  is  the  system of cyclic  de-icing o r  intermit- 
tent  heating.  Recent  design  analyses  (reference 4) have  shown  that  the 
heat  requirements for large  high-speed,  high-altitugie.  aircraft  using  the 
method  of  ice  prevention by contimous heating  are extremely large and 
in some  cases  prohibitive. In addition,  use of the  hat-gas  continuous 
anti-icing  system, in  the  case of specific  designs,  may  result  in  diffi- 
cult  design,  structural,  and  installation  problems.  Preliminary  anal- 
ysis ha6 indicated  that t h e  cyclic  de-icing  system  possesses  several 
advantages  that  would  aid  the  solution  of  these  protection  problems. 

Cyclic  de-icing  is  that  method of thermal  ici-ng  protection in w h i c h  . .  

ice  is  allowed to form for a relatively  short  period of time on the vul- 
nerable  component,  and  then  heat  is  applied  .et .a .rate  sufficient  to  melt .... 
quickly the bond of  the  ice  to  the  surface,  allowing  aerodynamic or  
other  forces  to remove the  ice.  Upon ice removal,  heating  is  termin- 
ated,  allowing  the  surface to cool and re-.ice,_..with. t.he-rocess being 
repeated  in  regular  cycles.  Since theheaking is intermittent,  heat 
can be supplied  successively  to small areas from a single  source,  thus 
reducing  the  heat-energy  requirement  over  that  required  for contimous 
ice  prevention.  It  would  appear  that a cyclic  system  can  utilize 
several methods  of  heating,  including  hot gas  and  electric  resistance 
heaters  applied a s  either  internal or external heaters. In particular, 
an electric  cyclic  de-icing  system, in addition  to reducing the  heat- 
energy requirements over those  for  continuous  heating,  would  have a 
generator  weight  of  tolerable  magnitude as compared  with  the  prohibitive 
weight  required for an  electric  anti-icing  system  operated  continuously. 
A further  possible  advantage of the  cyclic  system  is  that  such a 8ystem 
would  tend to minimize  the  runback  problem  encountered  with  continuous 
heating when operatingat an off-design  condition. 

Previous  investigations of cyclic  ae-icing  have  been  restricted to 
special  cases,  namely,  the  propeller  (references 5 and 6) and  jet-engine 
inlet  guide  vanes,  and  limited  analytical  studies  (references 7 to 9 )  . 
Application of the  results of these  investigations  to  airfoils  is  ques- 
tionable f o r  several  reasons. In the  case  of  propellers,  centrifugal 
forces  are  present  to  aid  removal  of  the  ice. For an inlet guide vane, 
the  size  and  shape  of  the vane and its  attendant  ice  formation  are  con- 
siderably  different  from those of an a i r f o i l  of the  size and shape  gen- 
erally qloyed in airplane wings and  empennage.  LFmited  experimental 
results of cyclic  de-icing applied to airfoils  have  been  reported by the 
National  Research  Council  of C a n a d a .  

The analytical  studies  of  the  problem  reported in references 8 and 
9 employed an electric  netw-ork  analyzer in the  solution  af  the  transient 
heat flow. Emever, cyclic  de-icing Ls a cmqlex problem  in  transient 

.. . 

f 

. ." 

--- . " 



XACA RM E51J30 3 

0 2  
N 

ul w 

.* 

heat flow for which  the boundary condftions are imperfectly known. 
These  uncertain  factors  include  the  local  heat-transfer  coefficient  and 
the  local  rate of  ice  accretion. More important  the  criterion  of  per- 
formance  is  as  yet  not  specifically  defined;  that  is, the point in time 
at  which  removal  takes  place  is not given  in  independent tern to  which 
the  heat-transfer  proceeses or the  removal  forces mdy be related. This 
is in contrast  to  the  case  of  anti-icing  for  which  there  is  the  defi- 
nite  criterion  of  maintaining  the  surface  at 802118 specified  temperature 
above  freezing  or  evaporating  certain  amounts  of  water  from  the  surface. 
Thus an analgtical  solution of the problem  appears  extremely  difficult, 
and., in the  absence  of  experimental  data,  would  not  necessarily  be 
accurate or complete. For these  reasons  an  experimental  approach-was 
taken in the  investigation  of  cyclic  de-icing of airfoils in the NACA 
Lewis icing  research  tunnel. 

The NACA is currently  engaged in a general  investigation  of  cyclic 
de-icing  of  airfoils  including  various  types of heaters and methods of 
heating. The objectives  of  this  investigation  include a study  of  cyclic 
de-icing  of  airfoils  to  obtain a more  complete understanding of the  pro- 
cesses  involved  and  to  determine  the  criteria for successful  operation 
of  this  method  of  ice  protection.  It  is  also  desired to determined tht 
requirements  for  cyclic  de-icing of airfoils in terms  of the amants of 
heat  and  cycle  times  required  and  to  obtain  the  relation  between  these 
requirements  and.  the  meteorological  and  aircraft  operatintgconditions. 

In this repat are  presented the results  of an initial  phase  of  the 
investigation  which  employed an external electric  heater of the  rubber- 
clad  type  mounted on the  forward  portion'of an 8-foot  chord,  65,2-216 
airfoil m o d e l  in the RAGA Lewis'icing  research  tunnel. Preliminary 
studies  and  past  experience  with  the  cyclic  de-icing  of  other bodies 
indicated  that air  speed  is  of  second-order  importance.  For 
this  reason,  the  present  investigation  was  limited. to an airspeed 
of 175 miles per hour. This  restriction of airspeed  permitted  opera- 
tion  over a rage of azifbient afr temperature,  liquid-water  content, 
angle of attack,  and  various  heating  configurations  without  damage  to 
the  experimental  heaters  from  excessive  heating. The drag  penalties 
involved in cyclic  de-icing  are  not  reported.  Continued  investigations 
covering a full range of airspeed,  determfnatFons of the  drag  penalties, 
and studies of various  types of heater  are  the  subject of future 
research. 

v The  model  used in the  tunnel  investigation  of  cyclic  de-icing  of 
sirfoils  consisted of'& KACA 65,2-216 airfoil having an 8-foot chord 
ana a 6-foot  span  mounted  vertically in  the  test  section of the 6- by - 
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9-foot NACA L e w i s  icing  research  tunnel. An external electric  heater 
was installed on the forward @ortion of the a i r fo i l .  A photograph of 
the   a i r fo i l  model equipped wi th  the heater  installed  in the tunnel  i s  
shown in  f igure 1. The heater was centrally  located spanwise and had 
a length of 38. inches. The heater extended chordwise a  surface  disttlnce 
of 14.1 percent chord on the upper surface and 23.4 percent chord on the 
lower surface. A sketch of the  hester  installction and detail6 of con- 
struction  are shown in  figure 2 .  The heater  consisted of 1/8-inch-wide 
Nichrome resistance  str ips each 0.001 inch  thick spaced 1/32 inch  apart 
and running spanwise. The heater  ribbons were enclosed between two 
layers of glass cloth each 0.003 inch  thick, -The heater  ribbons and 
glass  cloth were in turn sandwiched  between two layers of neoprene. The 
outer layer of neoprene was 0.012 inch  thick and the inner layer between 
the  heater ribbon6 and the  metal skLn was 0.125 inch  thick. 
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The heater WRS constmcted on the leading-edge sectfon of the  air- 
foil model with the successive-layers cemented to each other t o  properly 
locate and maintain the position of the thermocouples and heater ribbons. 
The surface thermocouples were cemented t o  the outer'.layer of neoprene 
and a thin coat of primer W E ; ~  then applied. Upon curing,  the primer m6 
sanded smooth t o  expose the  thermocwple  Juncti-ons. -The heater was - r  
placed i n  an  evacuated bag and then cured. - 
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The heater  ribbons were connected into  several  separate elements of . -  . .  

1/2, 1, and 2 inches in  width which were distrfbuted as shown i n  f ig-  
u r e  2 .  Each element was connected to  a separate  variable  autotrans- 
former which permitted..a selective  control of the  heat  density and dis- 
t r ibu t ion   in  a chordwise direction. The heater elements were connected 
t o  a variable  cycle timer which permitted  control of the heat-on and 
heat-off  periods. The t o t a l  power .input t o  each element was measured by 
a  recording  wattmeter. 
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The ice  formations on an a i r f o i l  ordinarily  straddle  the  leading 
. " 

edge i n - a  glove-like manner, lnaking it diff icul t  for the external aero- 
dynamic forces  to  effect  removal  of the ice. A continuously  heated 
s t r i p  near the stagnation  point which would maintain all ic-e-free zone _I I- 

has been proposed with the intention of fac i l i t a t ing  removal by dividing 
the  ice  .Cap Into  separate  formations on the upper  and  lower surfaces. 
Prel iminary investigations have indicated improved de-icing by the use 
of such a s t r ip .  For t h i s  reason  lnanualby-pass  switches that per- 
mitted  select& elements near  the  stagnation regton t o  be heated either 
cyclically or continuously at a f f e r e n t  power settings were installed 
in   the  c i rcui t .  A l l  elements that were cyclically  heated were turned 
irn and off  simultaneously. 

" 
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T h e  type of heater used i n  the ipvestfga.tIon was based on a corn- . 

- .1 " 

promise of considerations of ease of construction and instrunentation, 
the type of heater  currently under consideration fo r  actual ins ta l la -  
tfons, and the problem  of control of the chordwise a ie t r ibu t im.  of heat. 

. .  " - . .. . - - . . .. .. 
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Numerous thermocouples were located  in  the  central  plane of the 
heater and were distributed in faur- layers   as  shoxm in figure 3. The 
two sets  of thermocouples on each  side of the heater  ribbon  enabled 
measurements t o  be made of the  heat flow both illward and outward during . . 
steady-state  conditions. The two  outer layers of thermocouples were 
used in  transient  conditions t o  measure the  heat flow outward from the 
heater t o  the  ice.  Calculations  indicated  that  the thermal  capacity of 
the  outer  layer of neoprene was small enough that   the tempera-hzre gradi- 
ent through the  outer layer was esse6tially  l inear  after approximately 
t h e   f i r s t  second of heating f o r  t h e   c o n ~ t i o n s  of temperature and lieat 
flux employe& in  the  investigation. The thermocouples in  the  heater 
section  consisted of 30 gage iron and constantan w i r e  rol led down to a 
ribbon of approximately 0.0025 inch  thickness. The ribbons were. bu t t  
welded and were l a id  chordwise with the adjacent thermocouple junctions 
staggered t o  obtain  the desired chordwise  spacing. Thermocouples w e r e  
a lso  instal led in the  metal skin underneath and behind the  heater. All 
thermocouples were recorded on flight  recorders. 

Measurement of the tunnel t o t a l  temperature was obtained from 
shielded  thermocouples  located i n   t h e  low-velocity  section of the  tumiel. 
All temperature measurements  were referenced t o  a common bath tempera- 
ture. The tunnel  airspeed and angle of at tack were obtained from t h e  

I standard  tunnel  instrumentation. The liquid-water  cdntent and droplet 
size were obtalned from a  calibration of the tunnel spray system. 

1 .  

CONDITIONS AND PROCEDURE 

Preliminary to the  cyclic  de-fcing  investigation,  a  determination 
was made with  continuous  heating in d r y  a i r  of the e f f e c t t v e   t h e m 1  
resistance of the  layer of neoprene between the t w o  outer layers of 
thermocouples. Measurements  were made of the  pmer  input t o  each eLe- 
ment  and .the temperatures  throughout  the  heater. F r o m  the measured 
values of power and temperature  an  average  ef'fective  thermal conduc- 
t i v i t y  of 107.4 Btul((hr) yft)2 (9) for.  the  outer  layer of neoprene was 
obtained. T h i s  value was used with the measured temperature drop 
ob.hined i n  subsequent cyclic  de-icing  tests t o  compute the heat Cow 
from the heater to the ice. W i t h i n  the  accuracy of the temperature 
measurements it was not  possible t o  f ind  any variation of the conduc- 
t i v i t y  with  the mean temperature of the neoprene. 

In the  tunnel  study of the requirements for cyclic  de-icing  the 
procedure was to determine by t r i a l   t h e  minimum power density  input and 
the chordwise distribution of heat f o r  a  specified  heat-on  period for 

of attack, and water  content.  This optimum condition was defined  as 

. . removal a t   t he  end of the  specified  heat-on  period. Upon attainment of 

f given  conditions of heat-off period, a i r  temperature,  airspeed, angle 

I that  power input that  just resulted in complete and consistent  ice 
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this optimum  power input  condition, a l l  conditians were maintained cun- 
stant and all  pertinent  data were recorded.  Visual  observations were 
made of the  de-icing performance and  photographs were -taken during and 
after ice  removal for each optimum set of conditio&. Heat was applied 
t o  the wing before  the  sprays were turned on for  most cases, but some 
runs were made w i t h  the heat  applied  after  the water sprays were turned 
on. 

The meteorological  conditions  investigated were as follows: 

Liquid-water 

(microns) (grams/cu rn) 

Droplet s i z e  Volume median 
content distribution'  droplet  size 

0.25 

G 10 1.0 

E 0 .65 

D 6 

RESULTS 

Continuously Heated Areas 

.. -. 

" 

Cyclic  de-icing of an a i r f o i l  i s  much  more difficult   than that of a 
rotating body such as a propeller  since  centrifugal  forces  are  not  pre- 
sen t   to   a id  the aerodynamic forces in  effecting  ice removal. For this 
reason  the  use of the burn-through or parting strip has been proposed t o  
fac i l i t a te   i ce  removal. The parting strip consists o f  a .parrow  spanwise 
area  located  near  the-atrfoil  stagnation  region and is continuously 
heated in  contrast t o  the  cyclic  heating of the remaining heated  area. 
The tunnel investigation  included the use of the p a r t i n g  s t r i p  a13 well 
as run6 with the entire area  cyclically  heated. Quick, complete, and 
consistent i c e  removal was accomplished only  with  the aid of the parting 
s t r ip .  For the case of all cycled  heating,  ice removal was obtained 
but it was sporadic; and good removal was u&ually obtainetl anly on 
alternate  cycles. . -   . .  

" 

, - -  . r  

. - -  
. " . 

Parting-strip  1ocatio.q. - The location of the  parting  strip  that  
resulted in the best ice  removal i s  presented  in.  figure 4 for various 
angles of attack. The heater-element arrangement around the  leading 
edge and the  1ocation.af.ther  air  stagnation  point are a l so  indicated. 

. . . . . -. . - . ." . - . " - " 
.. . - 
. ." 

- - t  

h e  droplet size  distribution used herein i s  that defined in  
reference 10 and was' obtained by the ro%at,ing multi-cylinder  technique. 

. . . "  

"" . .  
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The best parting-strip  location is very  close t o  the  stagnation  point  at 
each  angle of attack. It might be assumed that  the parting  strip should 
be located  at  the  point of the maximum ra te  of impingement t o  divide 
equally  the formation. This pout,  as  indicated by experience and the 
calculations of reference II, lies between the  stagnation  point and the 
foremost  point of the   a i r foi l .  The resul ts  of figure 4, however, indi- 
cate that  the parting strip should lie between the  stagnation point and 
the  point of maximum impingement. For the full range of a i r  temperature 
(19O to -1l0 F) it was necessary t o  use a p a r t i n g  strlp 1 inch w i d e ,  as 
indicated in figure 4. A t  the  higher  temperatures  (greater  than 20° F) 
good removal was obtained  with only a  1/2-inch s t r ip .  The precise  loca- 
t ion  of the  parting strip, however, was not found t o  be c r i t i ca l  and 
variations  in water  content and droplet  size  ,had no appreciable  effect. 
A single 1-inch-wide strip  located at a  point  corresponding t o  elements 
1 2  and 13 (fig. 4 )  w o u l d  probably r e su l t   i n  good removal over the full 
temperature  range and a  range of angle of attack of -2O t o  6O. 

Parting-strip  temperatures. - Because of conduction losses t o  the 
adjacent  cycled  areas,  a peak surface  temperature of approximately 50° F 
was maintained at  the  center of the parting strip to insure  a flnite 
ice-free  area and t o  prevent the  adjacent  ice formations from bridging 
over. The variation of the parting-strip  surface temperature  during de- 
icing i s  shown in  f igure  5(a)  at   various time intervals. The surface 
temperatures of the  adjacent  cyclically  heated areas are  also sham. 
For comparison the  heated  surface  temperatures  for  the  case in which a l l  
the heated  elemnts  including  the  parting s t r i p  area were cyclically 
heated is given in figure  5(b). All conditions of cycled power density, 
angle of attack,  air  temperature and speed; and liquid-water  content 
were maintained  constant fo r  the two conditions. For  the conditiozls of 
figure 5 (a),  a 1/2-inch-wide parting strip was used  extending from 0.52 
t o  1.04 percent  chard on the lower surface. The cycled power density 
used was the minimum requtred t o  obtain complete removal uithin  the 30- 
second heat-on  period. For the  conditions of figure 5(b),  the  parting- 
strip area was cycled a t  the same  power density  as the adjacent  cycled 
areas. 

The resul ts  of figure  5(a)  indicate an i n i t i a l  temperature pssk in 
the  parting-strip  area which persists f o r  approximately 5 t o  10 seconds, 
a t '  which time  melting of the  inner  layer on the adjacent  areas has begun. 
The peak temperature i n  the center of the  parting strip exhibited  very 
l i t t l e  change Wing  the  heating period, r is ing only 3O F, and during 
the  heat-off period cooled t o  i t s  h i t i a l  temperature. The  maxi- 
var ia t ion  in   the peak parting-strip temperature WBB approximately 5O F. 
Comparing figures 5 (a) and 5(b) shows that   the  direct   effect  of the 
parting s t r i p  on the adjacent  surface  temperatures i s  rather small, 
influencing on ly  the  area  within approximately 0.5 percent  chord on 
each side of the  parting strip. The temperatures in the  cycled  areas 
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beyond'the  parting-strip  area  for  the  two  conditions are ve-ry  aimilar in 
magnitude  and  rate  of  change. The results show a steady rise during 
approximately  the  first 10 secands of heating  with  sudden  changes in . 

surface  temperature  occurring  thereafter,  together  with  large  peak 
values  resulting on the  Lower  surface. The greatest  differences in the 
surface  temperatures  occur  near the leading edge where for the  all- 
cycled  condition  the  curves  become  very  irregular. 

Parting-strip  power  requirements. - The  input  power  densities for 
the  parting  strip  obtained in the tunnel  inveetigatlon  are shown in fig- 
ure 6 as a function of the  surface  datum  temperature.  The  determina- 
tion  of  these  power  requirements  was  based o n -  the  criterion  of the 
minimum power required to maintain a finite  ice-free  area  and the best 
removal  for a given  condition.  The  surface  datum  temperature  is  defined . 

as  the  ambient  air  temperature  plus  the  adiabatic  rise,  and in the  case 
of  wet  air  conditions,  minus  the  temperature  depression  resulting  from 
evaporation  of  water  from  the  airfoil  surface. The measured  and  cal- 
culated dry datum  temperatures ageed within  the  accuracy  of  the  tem- 
perature  measurement. The wet  datum  temperature is an unheated  hypo- 
thetical  temperature and-cannot be measured during  icing. For the range 
of airspeed  and  temperature  investigated,  however,  the  difference in 
the dry and wet datum  temperatures is very small, being less than 3O F. 
The power  requirement  was  found to  be essentially a single-valued  func- 
tion of the datum temperajxre  with no significant  variations  resulting 
from  changes in angle of' attack,  water  content,  droplet  size,  or  cycle 
times. . 

A curve  sharing  the  net  power  to  the  outer  surface  as.calculated 
from the  measured  temperatures  is  also shown. The  net  power to the 
outer  surface  is  approximately 70 to 80 percent of the  input  power  indi- 
cating  the  efficiency of the heater.  The  calculated  power  required to 
maintain  the  surface  at 32O F is  also shown in figure 6 as  indicating 
the  minimum  theoretical  power  requirement.  This  power  was  calculated 
using  the  Martinelli  equation  (reference 12) fo r  the heat-transfer 
coefficient  for  the  stagnation  point  of a cylinder  and a water  content 
of 1.0 g r a m  per cubic  meter.  These  values  differ  from  the  measured net 
powers  primarily  because of the higher  temperatures  (approximately 50' F) 
used  in the tunnel  investigation. . .  

Cyclically  Heated  Areas 

As stated  in  the  preceding  section,  prompt,  complete, and consfst- 
ent  de-icing  was  obtained  only  with  the  use of the  parting  strip.  For 
this reason the  remainder of the  discussion  is- c-mcerned.with the 
results  obtained  from  those  investigations  employing  the  parting  strip 
and  necessarily  incluaes data from  the  parting  strip as well a6 from the 
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cyclically  heated  areas  alone.  The  results  are  presented in terms of 
the  cyclically  heated  surface  temperatures, the chordwise  distribution 
of the cyclic  power,  and  the  input  and  net  cycled  power  requirements. 

- 
Surface  teweratures. - Considerable  uncertainty  exists  as  to  the 

thermal conditims occurring on the heater  surface  during  de-icing,  and 
especially 88 to those  conditions  required fo r  ice  removal. Some of  the 
questions  that  arise in this  connection  coneern: (1) the  surface  tem- 
perature  required for ice removal, that  is,  whether remmal takes  place 
at 32O F; (2) the  thickness of water.  film  underneath  the  ice  required 
f o r  removal; (3) the  effect of drainage of the  melted  ice  inner  layer; 
and (4) the  relation  between  the  surface  temperature  and  the  manner of 
ice  remaval. The experimentally  determined  surface  temperatures  provide 
a means of answering some of these  questions  and, in addition,  provide 
values  that  may  be  used in checking a theoretical  analysis of cyclic  de- 
icing. Same indication of the  surface  temperatures  existing in the 
cycled  areas  has  been  given in figure 5 in connection  with  the  discus- 
sion of the  parting  strip. These temperatures  are  discussed in greater 
detail  and  thefr  relation t o  the  operating,  heating,  and  meteorological 
variables  and  to  the  ice remmal process is given. 

In figure 7 a comparison  is  shown of typical  measured  heater sur- 
face  temperatures  at  two  locations  (indicated  by  ratio  of  surface  dis- 
tance  to  chord  length) on the  airfoil in d r y  air  and  during  cyclic  de- 
icing.  Both  results were obtained  at  the  same  airspeed  of 175 miles per 
hour, an angle of attack  of 4O, and a tunnel  total  temperature of 20° F, 
which corresponds to a stagnation  wet  datum  temperature of 19' F. The 
d r y  air  the-temperature curves for  the  two  locations shown in figure 7 
are  very  simflar  with  the  temperature  rise  during  the E-second heating 
period  being about the  same. The initial dry temperatures  are  different 
because of the  close  proximity of the  continuously  heated  parting  strip 
to  the 1.3 percent S/C location on the  lower  surface. The-dry air 
temperature  at 1.3 percent  chord on the  lower  surface  (fig.  7(a)) does 
not  quite  return to the  initial value. This  difference  of 2O is  attri- 
buted to inaccuracies  in the temperature  measurement. For both  locs- 
tions  the  initial  temperature  during  de-icing  is  above  the d r y  value 
because  of  the  release of heat of fusion  and  the  heat  gain  from  the 
kinetic  energy  of  the imginging water  droplets. This rise  is  greater on 
the  lower  surface  than on the  upper  surface in part  because  the  local 
rate of impingemnt at an angle of  attack of 4 O  is =eater on the  lower 
than  the  upper  surface.  The  initial  temperature on the lower surface  is 
above  freezing  but  observations  showed  ice  present  at  this  position. 
This  ice was of a glaze  slush-type  formation  and  undoubtedly  built  up 
f r o m  formations on adjacent  cold  areas. The de-icing curve for  the 
lower  surface  shows a break at  about 9 seconds  and  thereafter  increases 
rapidly in contrast to the  upper  surface,  which  maintsins a smooth  curve 
simflar to the dry rise curve. This  difference may have been  caused by 
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the  fact  that very little  ice  formed on the  upper  surface  and  was 
quickly  removed in one  piece. On the lower surface  the  ice  formition 
was  larger  and  did  not  come  off  quickly  but  slid  back slowly on  the  sur- 
face before being-reaoved. The formation of. wet  slush  ice,  drainage of. 
melted  ice,  formation  of  air  pockets,  and  local  roughness  all  affect  the 
type of removal  and  give  rise  to  discontinuities  and  irregularities in 
the  heating  curves.  This  break in  the  surface  temperature-time  curve 
was  characteristfc of slow and  irregular  ice  removal  and was usually 
associated  with  the longer heat-on  periods. 

A comparison of the surface  temperature  rise  occurring  during  the . 
heat-on  period  is  shown  in  figure 8 as a function of the  surface  dis- 
tance  from  the  leading edge for dry air  and  during  de-icing. For this 
particular  condition,  which is the  same  as  that shown in  figure 7, a 
1/2-inch-wid.e  parting  strip  near  the  stagnation  point  (approximately 3/4 
percent  chord on the  lower  surface) wagr used. The  temperature rise. 
rather  than  the  actual  surface  temperatures  is  presented  in  thie  figure 
as being  indicative  of  the  changes in-the heat flow during  the  cycled 
heat-on  period  and  to  permit a more  direct  comparison of points having 
different  initial  temperatures.  The  rise  during  de-icing  is  at every 
point less than  that  obtained  in dry air  with  very  little  change i n  
temperature  occurring in the  parting-strip  area.  Much  @eater  differ- 
ences in  the  wet  and dry air  rises  were  obtained on the lower surface 
than on the  upper-surface.  Because o f  the-higher  ice  collection  rate 
on the lower surface, a greater  insulating  effect  from  the  ice  was 
obtained on the lower surface  than on the  upper  surface; in addition, 
the slow, sliding  type of ice removal on the  lower  surface  contributed 
to  the  higher  temperature  rise  obtained. 

A comparison of typical  surface  heating  and  cooling  curves  during 
de-icing  at  various  chordwise  locations  is  shown in  figure 9 for a con- 
dition  of a datum  temperature  of 19O F, an angle ,of attack  of Z0, and a 
water  content  of 0.65 gram  pe.r  cubic..  meter.,.  -=The-h~.a_ti.;  times for this 
condition were 15 seconds on and 4 minutes  off.  The  influence of the 
continuously  haated  parting  strip  on  the  adjacent  areas  is  limited, 
extending only within 0.78 percent  chord.on  the  upper  surface to 1.3 
percent  chord on the lower surface  and  appears  almost  solely a s  raising- 
the  initial  temperature of the  adjacent areas. All the  heatfng  curve6 
are  similar,  and, as in  the  case  of  the  curves of figure 7, the  tempera- 
ture rise upon  applica.ti.on.  of the cycled  heat  is very fast  with  tem- 
peratures  above 3Z0 F being  attafned in less than 5 seconds.  Greater 
variations  exist in the  cooling  curves  with  the  surface  temperatures 
dropping below 32' F in less than 60. seconds except for those immedi- 
ately  adjacent  to  the  parting  strip. - 

A comparison of the  time-temperature  curves  during  ae-icing  at 2.34 
percent  chord on the-lower surface 3s shown in figure 10 for  three  dif- 
ferent  heating  times.  These  data  are  for a &turn  temperature  of 19O F, 
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a water  content of 0.65 gram per  cubic meter, a heat-off  time of 

case w&8 the minimum required for complete removal. to be  achieved ' 

within the specifLed  heat-on  period. This power requirement w a s  
found t o  vary inversely w i t h  the heat-on the. %!he characteristic 
break in the  heating curve noted in  figure ?(a> is again  evident for 
the 30-second heat-on  condition. A t  this condition  the  ice removal 
did not take place suddenly, but smal-l pieces of ice  were  removed 

- 4 &Utes,  and an angle of attack of 20. The power i:p.sut in each 

N 

m w over a relativelylong  period with sliding ice  an -&he surface and 
OJ considerable drainage of melted ice. A t  the  shorter heat-on  periods 

(and correspondingly  higher power densities),  the  surface  temperature 
curves me smooth and reach  higher peak values  before removal of the 

similar and the time required f o r  the  surface  temperature to cool t o  
32O F varies from 21 t o  23 seconds after the  heat is turned.off. The 
total elapsed  time in  which the  surface  temperatme is above 32' F is 
32, 33, and 46 seconds for the 10, 15, and 30 second heat-on  periods, 
respectively. This is the maximum period in which runback of water  caa 
occur. Thus it is advantageous t o  operate at the short  heat-on  conditions 

of the  short heat-on  periods is that less of the ice  formation is melted 
before removal OCCUTS, thus further lessening 'the amount of runback. 

' ice, as the heat-on t h e  is reduced. The cooling  curves are very 

. t o  aid i n  reducing  the amount of runback ice. A n  additioaal advantage 

- 
Similar resul ts   are  shown in  figure 11 a t  a water  content of 1.0 

g r a m  per cubic  meter and a heat-off  period of 2 minutes with a l l  other 
conditions the same.  Because of the greater  rate'of  accretion  the 
amount of ice  collected is equal to or  greater  than  that   for the condi- 
t ions of figure 10, although  the  heat-off t i m e  is halved. Both the 15 
and 30 second heat-on  curves show a break and greater  difficulty in 
obtaining removal was experienced than for   the 4 minute heat-off condi- 
t i on   a t  the lower water  content of 0.65 g r a m  per cubic meter of fig- 
ure 10. Also, the peak temperature for   the 10-second heat-on.condit€on 
(fig. 11) is less than that far the longer  heat-on time, which con- 
trasts with the 4-minute heat-off  results of figure 10 where an  inverse 
re lat ion between peak temperature and heat-on time was obtained. No 
direct  explanation of these  effects is apparent; the magnitude and 
shape of the temperature r i s e  i s  a complex function of the r a t e  of i ce  
accretion, the amount of ice  collected, the nature of the i c e  formation, 
the adhesion of the ice t o  the surface, and the nature of the  ice 
removal as w e l l  as the rate of heat  transfer and the aerodynamic removal 
forces. The cooling  curve for the =-.second heat-on  condition shows. a 
dwell a t  about 30° F f o r  a period of approxfmately 40 seconds. This 
phenomenon  was encountered several times and was of a random nature, 
but  was usually  associated w i t h  the slower, more erratic  type of ice  
removal and the higher ra tes  of ice accretion. 



12 NACA RM Elm 

Typical  surface  temperature-time  curves a t  this same location  are 
ahown i n  figure 1 2  a t  a  datum temperature of -lo F for  two heat-on 
times. In: general the resul ts  are similar  to  those of figures 10 and 11, 
but much higher peak values were obtained. The higher peak temperatures 
are caused by the  greatly  increased power densities required a t   t h e  low 
temperature  condition f o r  prompt removal. 

Examination of the results of figures 7 t o  1 2  shows that in no case 
did complete removal, which took  place only  a t   t h e  end o? the  heat-on 
period, occur a t  a surface  temperature of 3Z0 F. The range of  peak sur- 
face  temperatures a t  which ice removal occurred extended from SO0 t o  
100° F. Considerable variation in the-surface temperature at the  point . 

of  removal with  the  operating,  meteorological, and heating  conditions 
existed and  no correlation of these resul ts  was possible. The point of 
ice  removal cannot as yet be defined i n  terms of the  surface temperature 
f o r  specific  conditions. The slower  temperature rise curves as well as 
irregularities and breaks in  the curves  were-found t o  be associated with 
the slower ice removal. A rapid and smooth rise  in  the  -surface tempera- 
ture  accompanied the f a s t  .removal obtained a t  the short  heating  periods 
as well a8 the minimum t o t a l  time i n  which the surface  temperatures were 
above the  freezing  point. A t  these  short  heating  periods  the  ice 
removal occurred  almost  simultaneously a t  the end of the period, whereas 
with  the  longer heat-on, lower pawer density  condition  the  ice was 
removed i n  numerous small pieces with the removal process  taking  place 
over a considerable  portion of the heat-on  period. 

- 

Distribution of cyclic power. - The construction of the  experi- 
mental heater  permitted the s t u Q  of various chordwise distributions of 
the cycled  heat. Thus it was possible t o  determine the optimum chord- 
wise extent and distribution of heating  for  this  particular  type of 
heater. T h i s  optimum condition wae defined as  the minimum extent of 
heating and local heat input that resul ted- in  the most complete and con- 
s is tent   ice  removal together with the minimum  amount of  runback f o r  a 
specific  operating,  meteorological, and cycle t i m e  condition.  Typical 
optimum heating  distributions are shown i n  figure 13 for  two a i r  t e m -  
peratures and three  heat-on times f o r  an  angle of attack of 2O. The 
lwa t ion  and relative magnitude  of the  parting-strip requirement are  
indicated. The power densities  sham  are  the  instantaneous  densities 
based on the  local areas heated a t  one particular time. With the 
exception of the  continuously  heated  parting-strip  area, an essentially 
uniform distribution,of  cycled power input i n  the region from approxi- 
mately 1- percent chord on the upper surface ,to  approximately 5 percent 1 1 

2 2 
Chord  on the lower surface resulted i n  the best performance. This 
region of uniform power corresponded closely  to the limits of direct  
water iqingement. Downstream of this uniform are4 the power densities 
quickly  reduce. Extending heating beyond the limits shamhere  did not 
aid in  the  de-icing n& in eliminating the amount  of runback. .Th;e 
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extent of heating shown in  f igure 13 i s  that  which provided good  de- 
icing over a range of angle of ,  attack from 0' t o  4O. Decreasing the 
heat-on  time resulted in  an increase  in  the magnitude of the power 
density requirement but caused very l i t t l e  change in   the  shape of the 
distribution  pattern except a t   the  higher  air-temperature. 

The variation in the  heating  distribution  with  angle of attack is  
shown in  figure 14. A s  might be  expected the power on the upper surface 

lower surface,  for  a  larger-percentage of the  ice formation collected on 
the lower surface  as  the  angle of attack was increased. 

N decreased  with  increasing angle of attack, with the  opposite  true on the w cn w 

c 

. 

Cycled power requirements. - The variation of the average  input 
cycled power density  with datum temperature is shown i n  figure 15 f o r  
various  heat-on and heat-off times, liquid-water  contents, and an  angle 
of attack of 2O. The average of the  cycled power densdties between 4 
percent chord on the upper surface and percent chord on the lower 
surface is  taken a6 representative of t h  2 input  cycled power density 
requirement. For the range of conditions  investigated,  the power 
density f o r  a  particular heat-on  time  appears to be primarily a  function 
of the &tun temperature,  with variation in the  heat-off t i m e  and 
liquid-water  content having only a second-order effect .  The parer 
density  increases  with  decreasing datum temperature; the curves  tend t o  
become l inear   a t   the  lower temperatures. Higher power densities  are 
required  with  the  shorter heat-on  times, as was  shown previously In 
figure L3. This variation of power density  with  heat-on t i m e  may be 
better shown by 8 cross p lo t  of these  data. 

In figure 16 the power density is   plotted  against  heat-on time f o r  
a  range of datum temperatures, two heat-off  periods, and two liquid- 
water  contents. As shown in  figure 16, the  effect  of heat-off  period 
and water  content i s  smll and is obscured by the  scatter of the  data. 
The lncrease i n  power density  with  decreasing  heat-on time is  quite 
rapid. Operation a t  heat-on  times much less than 10 seconds would re- 
quire  a  heater  capable of withstanding very high power densities. A t  
the  longer  heat-on times the curves  asymptotically approach f i n i t e  values , 

of power density, and it would seem that  operation a t  heat-on tinzs i n  
excess of 40 seconds would not result i n  an  appreciable  reduction i n  
power density. 

Practically no variation was obtained in   the average  .input  cycled 
power density  with  angle of attack. The power. density  as  a  finction of 
angle of attack is  shown in  f igure 17 for  two datum teinperatures and two 
heat-off  times a t  a  constant  heat-off t i m e  of 4 minutes. A t  a datum 
temperature of 19O F the power density remains constant  with  angle of 
attack. . The  power density for -1' F shows a sl ight decrease  with 
increasing angle of attack.  This  effect may be  caused by experimental 
error, since it was d i f f icu l t  t o  determine precisely  the  exact  point a t  
which the  de-icing performance became marginal. 
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System Efficiency and  De-Tcing Effectiveness 

The heat  requirements for the  cyclic and continuously  heated  areas 
have been presented  separately. To evaluate  the  cyclic  de-icing system 
consideration must be given to   t he  combined heat  requirements, a  compari- 
son of the  cyclic requirements  with  those for  ice prevention,  the effi- 
ciency of the  heater, and the effectiveness of the  de-icing  process 
i t s e l f ,  including  the  formation of runback i ce .  ' 

Heater and system efficiency. - From the temperatures measured on 
the  heater  surface and those measured underneath the  outer  laser of 
rubber, the  external  heat flow from the  heater  surface  during-a  cycle 
was calculated  using the value of thermal  conductivity determined i n  the 
dry  a i r  tests. A typical'plot  of.th3.s cumulative external heat flow 
during a  complete cycle  as a function o f  the-cycle time i s  shown in  
figure 18 for a  datum temperature of 19' F, a liquid-water  content of 
0.65 gram per  cubic  meter, an angle of attack of 2O, and a cycle of l5 
seconds heat on and 4 minutes heat  off. The heat  flow is the cumulative 
heat  dissipated from the heater  surface  integrated over the entire 
heated  area and includes  both  the  cyclic and continuously  heated 
regions. Approximately 30 percent of the  external  heat flow is dissi- 
pated  wlthin  the 15-second heating  period. After the cyclic heat- ceases 
the curve continues t o  increase  fairly  rapidly e6 the  residual heat 
stored i n  the  heater  during the heat-on  period is given up.  Approxi- 
mately 1 minute after  the  cyclic  heating  ceases  the curve becomes 
essentially linear, the  cyclic  heat having been dissipated, and the only 
heat flow i s  that from the  continuously  heated  parting  strip.  Similar 
resul ts  were obtained at  the  other  operating,  meteorological, and 
heating  conditions  with  the  percentage &. the  external heat  flow  during 
the heat-on  period  varying from approximately 30 t o  65 percent of the 
total  external  heat flow f o r  a  complete cycle, and the  larger  values 
obtained a t   t h e  longer  heating  periods. 

. A typical comparison of the cumulative external  heat flow during a 
complete cycle  with  the total  heat  input is shown in  figure  19 as a 
function of the chordwise surface  distance. These resul ts   are  for the 
same condition  as figure 18. The large peak in  the  input and external 
flow  curves a t  0.26-percent chord on the  lower-surface is caused by -the- 
contimousl.y  heated  parting  strip. . For the  .coulition.of.figure 19, the 
integrated  external  heat flow is approximately 65 percent of the to t a l  
input  per  cycle. For .all  conditipns  this  efficiency ranged from 
approximately 60 t o  80 percent. These effkienciea  are  indicative of 
the  heat  lost through the inner layer of neoprene to   the unheated por- 
tions of the  heater and the wing structure. The actual  heat  useful i n  
de-icing is the  total  external  heat flaw during the  heat-on  period. 
Thus the true efficiency of the heater i s  the  ratio of the  total  exter- 
nal  heat flow  during  the  heat-on  peri.ud to   the  t o t a l  energy  input  per 
cycle, and for  the  conditions of figures 18 gnd-19- this true .efficiency..-. 
would be 30 percent af 65 percent, or 19.5- percent. 
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The cumulative extern1  heat  f low during  the heat-on  period is  
plotted  in  f igure 20 as a  function of the heat-on  time a t  a datum tem- 
perature of 19O F fo r  two heat-off  periods and t w o  liquid-water  contents. 
The dah indicate a lbear increase of the  external  heat flaw with 
an increasing  heat-on time as contrasted  with  the  decrease in 
cycled  input  specific power density  as  indicated  in  figure 16 .  Insuffi- 
cient  data are available f o r  a complete correlation of the effect  of 
heat-off t i m e  and liquid-water  content on the  exterrial  heat flow. The 
resul ts  of figure  20(a>, however, indicate that the  external  heat  flow 

collected is the  product of the  airspeed, time, liquid-water  content, 
and collection  efficiency. For a  specif ic   a i r foi l  and fixed airspeed, 
alt i tude,  and a i r  temperature, a linear relation of collection  effi-  
ciency t o  droplet s i z e  may be assumed. Thus the amount of ice  collected 
for   the 0.65 gram per  cubic meter and 4 minute heat-off  condition is 
equal t o  or sli&tly  greater  than  the 1.0 gram per  cubic meter and 2 
minute heat-off  condition. For t h i s  reason the differences in the  heat 
flow for   the two conditions cannot be explained an the  basis of the 
insulating  effect of the  ice formation. The larger  heat flow a t   the  
1.0 gram per  cubic meter and 2 minute heat-off  condition may be 

i explained by the  greater  rate of ice  accretion  rather than differences 
in  ice  thickness. The r a t i o  of the cumulative externai  heat f low t o  
the  heat  input during the heat-on  period is Shawn i n  figure 20(b) with 
the same trends  evident. For the heat-on  conditions  investigated,  the 
external  heat f l o w  is one half or less of the  input  including both the 

periods,  particularly less than 8 seconds, very low heater  efficiencies 
are obtained and very little increase in efficiency would be obtained 
by operating a t  longer  heat-on  periods  than  those shown. . More efficient 
u t i l i za t ion  of the  heat  input would require  a  decrease in the  heat 
capacity,  an  increase in the  ther&l  insulation of the inner layer, and 
a decrease i n  the thermal resistance of the  outer  layer over the  heating 
elements . 

- 

N 
w 
tn w is  not  a  direct  function of ice thickness alone. The amount of ice  

- 
. cycled and continuously  heated  areas.  For  the  very  short  heat-on 

The results  presented  thus  far have indicated low heater  effi-  
ciencies and large  cycled power density  requirements f o r  short heat-on 
conditions.  Consideration must be  given, however, t o   t h e  system effi- 
ciency and the load on the  heat  source. For a pract ical   ins tal la t ion 
+he heater f o r  a given a i rc raf t  or cmponent may ccmsiet of several seg- 
m e n t s  of equal  area, each heated in  turn, s o  that  there would be no time 
i n  which an  area is not being  heated,  with  the  resultant demand on the 
heat  source  being  constant. For such a  condition  an  equivalent con- 
tinuous power density may be defined  as  the sum OF the  cycled power t o  
an  indivldual  area a t  any one time and the t o t a l  power t o  a l l   t h e  con- 

o r  component. T h i s  equivalent continuous power represents  the  load on 
the  heat  source and i s  a  correct measure of the cyclic system e f f i -  
ciency in terms of energy  requirement. The equivalent continuous power 

. tinuoisly  heated  areas  divided by the  total  heated  area of the  a i rcraf t  

- 
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density i s  plotted in  figure 21  as  a-function of the-  cycle r a t io  f o r  two 
datum temperatures and two liquid-water  contents  for  an  angle of attack 
of 2 O .  The cycle r a t i o  i s  defined as  the time for a complete cycle di- 
vided by the  heat-on time. The. curves show a sharp increase i n  equiva- 
lent  continuous power at  the smaller  cycle ratios where they approach a 
cycle r a t io  of I, or a condition of continuous  heating.  .At.t.he  larger 3" 
values of cycle  ratio  the  curves become asymptotic t o  8 f i n i t e  value of 
power density  equal to  the  parting-strip  input  divided by the   to ta l  area 
which i s  independent &.the  cycle  ratio. This limiting  parting-etrip 
requirement i s  indicated in   f igure 21  f o r  each of the datum temperature 
conditions. It i s  apparent t h a t   l i t t l e   g a i n   i n  power saving is made by 
the  use of larger  cycle  ratios  than  those shpwn. For an actual system 
the determination of the.cycle  ratio w i l l  depend not  only on this  con- 
sideration of minimizing the energy demand on the  heat  source b u t  also 
on the number of segments into which the  heated  area may be diiided 
practically,  together with the tolerance of the wing to  the  ice  col- 
lected during  the  off  period in   terns  of  aerodynamic penalties. 
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De-icing effectiveness. and formation of runback. - The de-icing " . 

effectiveness of the  cyclic  de-icing system may be measured by the 
speed, completeness, and-consistency of removal  and the amount  of run- 
back ice formed together  with  the aerodynamic penalties  incurred by the 
direct impingement and runback ice  formations. In  the absence of meas- 
urements of drag and other aerodynamic penalties, the system de-icing 
effectiveness may be indicated by photographs taken during the  de-icing 
process.  Typical  de-icing and growth of the  ru-dack  formation  are shown 
i n  figure 22. The pictures. were taken during cyclic  operation through 
transparent  sectioe  in  the  tunnel side walls and show the lower surface 
on the   a i r fo i l  w i t h  the l i m L t  of heating  indicated. 
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The ice  formation a f te r  8 minutes and 20 seconds, or just  before . " 

the second heat-on  period, is i l lustrated  in  f igure  22(a).  The w i n  i c e  
formation is shown and  very slight amounts of runback ice may be seen on 
the unheated portion of the  heater. The next picture, figure 22(b) ,  
taken after the th i rd  heat-on  period, shows the .removal o f  the. main ice 
formation-and a sl ight  increase  in runback ice. Figure 22(c),  tqken 
just  before  the  ninth heat-on  period,  shows.that  the runback formation 
has increased in   s ize  although  very l i t t l e   i n   ex t en t .  The' f ro s t  forma- . 
t iom  that   have-star ted t o  form downstream of the  heated  area  are tmi- 
tal of those  obtained in  a l l  tests and appear t o  be inherent t o  t u n n e l  
operation. These f ros t  formations  increased in   s ize  and extent  with 
increasing amounts of runback  and residual  ice. A small amount of ice  
da-mtream of the  leading edge within the heated  area is v i s ib l e   i n  
figure 22(d ) ,  taken a t  the end of the tenth  heat-on  period. . T h i s  form- 
t ion is apparent a t   the  end of each  heat-on  period, b u t  does not 
increase in  s ize  and, consequently, may not be detrimental. The ice 
formation  prior t o  the twelfth heat-on period i s  shown i n  figure Z Z ( e ) .  . L. 
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Figure 22(f) was taken  after  the  thirteenth  heat-on  period, a total 
icing  time of 56 minutes  and 20 seconds.  The  residual  ice  formation is 
slight  and  the  runback  formation,  although  it has built  forward on the 
heated area, is  still small. Similar results  were  obtained on the  upper 
surface of the airfoil. For the results shown in  figure 22 the  heat  was 
applied  to  the  partihg  strip  before  the  water sprays were  turned on. 
Other runs were  made in which  the  heat  to the parting  strip  was  not 
applied  until  after  the  sprays  were on for a full heat-off  period. In 
this  case  removal  was  not  obtained  until  the  second  heat-on  period,  but 
good  de-icing  performance  was  obtained  thereafter. 

- 

The de-icing  effectiveness shown in  figure 22 was  typical  of  that 
obtained  at  all  conditions. The Longer heat-on  periods  did  not,  as a 
rule, give the  complete and consistent  removal  associated  with  the  short 
heat-on,  high  power  density  heating  cycles. The amount of runback  was 
also.observed  to  decrease with decreasing  heat-on  time. The chordwise 
location of the  runback  formation  varied  with  the  chordwise extent of 
heating;  however,  the  size of the  formation  did  not  reduce  materially 
with  extended  chordwise  heating. 

For the  range of variables  investigated,  the  following  results  and 
conclusions may be  stated: 

1. A continuously  heated  parting  strip in conjunction  wfth  cyclic 
heating we8 found  necessary  to  insure  quick,  ccrmplete,  and  consistent 
ice removal. A 1-inch-wide  continuously  heated  strip  at  the  leading  edge 
WE8 sufficient f o r  the  range of datum teuqeratures from 19O to -1l0 F. 

2. The most  important  variables in determining  the  cyclic  power 
requirements  are  the  datum  temperature and the  heat-on  time;  the  heat- 
off time,  the  liquid-water  content,  and  the  droplet  size  have a second- 
order  effect,  and  the  angle of attack  has no appreciable  effect. 

3. For the  most  efficient  removal of ice, minimni runback  ice,  and 
minimum  total energy input,  the  condition of high  local  power  density 
and short  (less  than 15 seconds)  heating  period  gave  the  best  results. 

4. The optima cycled  heat  input  distribution  pattern  consisted  of 
a uniform  power  density for the  region of water  impingement.  Extensive 
heating  beyond  the  impingement  region  did  not  aid  materially in de-icing 
performance or in eliminating  runback  ice. 

5. The  experimental  heater  was found to have a rather low thermal 
efficiency.  Better  de-icing  performance  and  further  economies in the 
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energy  requirement would be obtained u s i q  a heater having  a lower 
thermal  capacity and a  smaller thermal resistance between the  heater 
elements and the  outer  surface. 

- " ." . 

6. Ice  remmal did not take  plake on attaingent of a-heater  surface 
temperature of 32O F. For complete ice removal,  peak surface tempera- 
tures of approximately.50° t o  loOo F resulted with  a f in i te   bu t  undeter- 
mined water f i l m  formed underneath the  ice formation. 
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Yg6" chord 

€ Beater 
ares 

thermocouple 

Heater 
numbers 0.001'' Nicbrame.strips 

0.003" gLaes cloth 

0.125" neoprene 

(b) Location of heater eLenenta end details of heater construction. 

Figure 2. - Heater installation and constluction details. 
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Series 
300 

O.Ol2" neoprene outer layer 200 

0.125" neoprene inner layer 
100 

1 

0.125" aluminum skin 

Upper surface 

" 

Lower surface 

" I  I I 

Figure 3. - Location .af heater.  thermocouples. 
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Surface &lateace from leading me, percent chard 

(a) Uith parting strip.  

Flgure 5. - Variation of eurface temperature distribution with heat-on time. ALrspeed, 
175 miles per hau; angle d attack, 4'; stagnation wet datum temperature, 19O F; 
liquid-water content, 0.65 gram per cubic meter; hat-on perid, 30 eeconds. 
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Surfaoe dietame fmm leading -e, p e r c a t  o h m i  

(a) All-cycld cordAtion. 

Figure 5. - C O M l U d d .  Variation of surfaoe ternpegatare distribution with  heat-on time. 
Ailspeed, 175 milee per hour; angle of attack, 4 ; sta&nation wet datum temperature, 
190 F; liquid-water  content, 0.65 ep.am per cubic  meter; heat-u perlcd,  30 secon8e. 
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' W A R M E S l J 3 0  

Surface datum temperature, OF 

Figure 6. - Parer  requirements for par t ing  s t r fp .  Airspeed, 175 miles 
per hour; angle of attack, 2'. 
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Fi 
(a) Lower m a c e ;  S/C, 1.3 percent. 

$lapsed tfme, ~ e c  

(b) Upper surfrace; S/C, 0.78 percent. 

Figure 7. - Conrparieon of measured surface .temper&tures in 8ry air and during 
de-icing. Airspee&, 175 miles per hour; angle of attack, 4O; s t a e t i m  
wet d~tum temperature, Bo F. 
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UpPer Iawer 
Surface distance from leading edge, percent chord. 

Figure 8.  - Comparison of measured surface temperature rise at end of heat-on pericd 
in dry air ana during cyclic de-Icing. Airspeed 175 mlles per hour; angle of 
attack, 4'; stagnation wet datum  temperature, 19 b F. 
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Figure 9. - Variation w? surface temperature duri& cyclic de-icing. Airspeed, 175 miles 
per hour;. angle of attack, 2'; surface datum temperature, l9O F; liquid-water content, 
0.65 gram per cubic meter; heat-on p a i d ,  15 seconds; heat-aff perlod, 4 minutes. 
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Figure 9. - Concluded. Variation of surface temperature during cyclic  de-icing. Airspeed, 
175 m i l e a  per hour; angle of atta-ck, 9; eurface datum temgerature, 19' F; liquid-water 
content, 0.65 gram per cnbic meter; heat-an p a i d ,  15. aeCCmLb)- heat-aff period, 4 minutes. " . 
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4 240 260 280 

Time, e c  

Figure 10. - Variation of surface temperature a t  2.34 percent chord, l m r  surface, for three 
heat-on -wrio&. Airspeed, 175 miles per hour; datum temperature, Bo F; liquid-water 
ccntent, 0.65 &.-am per cubic meter; heat-off period, 4 m h u t e s ~  angle of at-, 2'. 

6C 

i 
L I \ .  

I I I I I I 

A Heat-on  Parer density 
period (watts/sq in.) 
( sec 1 - 

40 "" 15 7.2 
30 5.4 

- -" 

1 

i 
2d - 20 0 20 40 60 80 " 120 140 160 

Tfae, sec . 

Zigure ll. - Varfatizn of surface temperature et 2.34 percent chord, lower surface, for three 
heat-on perid.  Airspeed, 175 miles per hour; datum temperature, l9O F; liquid-water 
ccntent, 1.0 gram per cubic meter; heat-off period, 2 mFnutes)  angle of attack, 2O. 
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Time,  sec 

Figure X?. - Variation of surface temperature at 2.34 percent chord, ldrer surface, for two 
heat-on p e r i o d s .  Airspeed, 175 milee per hour; datum temperature, -lo F; liquid-uater 
content, 1.0 gram per cubic meter; heat-off period, 4 minutes. 
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upper Lmer 
-face dietance fran leading edge, percent chord 

(b) D a k  temperature, 1S0 F. 

Figure 13. - Distribution of inppt  parer for three heat-on 
periods and two datum tenrperatures. Airspeed, 175 miles 
per hour; angle of attack, 2O; liqufd-water  content, 1.0 
g m n  per  cubic meter; heat-off period, 2 minutes. 
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Lower 

Surface.  distance .from leading edge, pe.rcent chord 

Figure 14. -.Distribution of input  pwer  f o r  three  angles o f  
a t tack.  Airspeed, 175 miles per hour; datum temperature, 
19O F; heat-on period, 10 seconds;  heat-off  period, 
2 minutes. 
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Hest-on Liquid-water Heat-off 
period content period 

( m / c u  m) (set) 

Figure 15. - Variation of cycled pmer density with datum temperature. 
Afrspeed, 175 miles per hour; angle of ettack, 2O. Power densities 
are average of input power t o  heaters 10 t o  17. 
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Surface datum Liquid-water Heat-off 
temperature content pericld 
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0 19 1.0 240 

0 19 1.0 120 
1.0 240 

.65 120 

.65 120 

d 19 .65 240 - 

240 . 

0 10 20 30 40 50 
Heat-on time,  sec 

Figure 16. - VarFation of input cycled power  density w i t h  heat-on 
time for various heat-off periods and datum  temperatures. 
Airspeed, 175 miles  per hour; angle -of attack, 2O.  Parer 
densities  are average of power to heaters 10 to 17. 
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. 

Angle 03 attack, de@; 

Figure 17 .  - Variation of input  cycled power deneity w i t h  angle 
of attack. Airspeed, 175 miles p e r  hour; heat-off  period, 
4 minutes. Power densities are  average of power t o  elements 
10 to 1 7 .  
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Figure 18. - Ekternal heat flow during cyclic  de-icing. Airspeed, 175 milea per hour; datum 
temperature, 19O F; liquid-water content, 0.65 gram per  cubic meter; heat-on period, 15 seccnds; 
heat-off period, 4 mhutes. 
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Figure 19. - C w a m  of extyn.4. heat flow vith total. k t  W t  for orre cccylete  cycla. Airspeed, I75 miles 
per h-; angle of attack, 2 3 datum temperature, 19' F; liquid-water  content, 0.65 per cubic meter; 
heat-on period, 15 secmd.8; heat-orr period, 4 minutee. 
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(a) External heat flow. 
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Heat-on time, sec 

(b) Ratio of external heat flow to heat input. 

Figure 20. - Variation of external heat flow from 
heater during Beat-on period for various heat-& 
and heat-off times and two liquid-water  contents. 
Airspeed, 175 miles per hour; angle of attack, 2O; 

datum temperature, 1g0 F . 
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Figure 21. - Variation of‘ equivalent continuous power density  with 
cycle  ratio f o r  two datum temperatures. Airspeed, 175 miles per 
hour; angle of attack, 2O. 
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(b)  After 20 e e c d  heat-on perlod, third cycle. Total la- the, 13 minutes. 

(a) 4 minute icing, ninth cycle. Total i c i n g   t h e ,  38 minutee, 40 eeconde. * 

Figure 22. - Growth of runback formatlon on lower eurface of heater during c c l l c  de-icfng. 
Airapeed, 175 milee per hour; datum taruperatee, -1' F; angls of attack, 0 8.  , liquid- 
water  content, 1.0 gmiu per cubic  meter;  heat-on  period, 20 seconds; heat-off period, 
4 minutes. 
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(e) 4 minute icing, twelfth cycle. Total icing time, 51 minube, 40 mconda. 

(f) After 20 second heat-on period, thirteenth cycle. Total icing time, 
56 minutes, 20 seconds. 

Figure 22. - Concluded. Growth of runback formation on loner surface of heater during 
cyclic  de-icing. Airspeed, 175 miles  per hour; dstum temperature, -lo F; angle of 
attack, Oo; liguid-water  content, 1.0 warn per cubic m e t e r ;  heat-on p e r i d ,  20 seconds; 
heat-off period, 4 mhmtes. 
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